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Abstract
The food preservation is a complex subject that cover multiple disciplines
of natural and technical sciences. This Ph.D. thesis treats this subject
under different points of view. The preservation involves the perceived and
objective quality of food, monitoring of the quality and methods to achieve
this task. The economical and energetic effort to achieve this task will be
treated as well. All these variations on the preservation main-theme find
place in the field of the green appliances of the domotic house. This work
proposes as results a series of practical techniques and applications that
alone or as a whole could significantly improve the quality and efficiency of
the preservation of food, both for chemical and energetic aspects.
This Ph.D. activity is focused on energy saving and food preservation
in the field of domestic and professional cold appliances. Refrigerators
constitute a large energy demanding appliance; in particular household
refrigerators cover the 15% of the domestic power needs. Their capillary
spread and the 24 hours a day use justify this energetic demand and make
important even the smallest energy efficiency improvement. From the other
point of view in these appliances the cooling effect should be intended as
their mean to achieve the preservation of food. A more coherent name
should then be preservation appliances instead. From this consideration
the cooling capacity shouldn’t be the only purpose of these devices, they
should also guarantee the best preservation performances. Temperature
measurement and other means to monitor the quality of preserved goods
should be integrated in the control loop.
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Sintesi
La conservazione del cibo rappresenta un argomento complesso che coin-
volge diverse discipline delle scienze naturali e tecniche. Questa tesi di
dottorato tratta questi argomenti sotto diversi punti di vista, analizzando
gli aspetti riguardanti la qualita` oggettiva e percepita del cibo, il suo moni-
toraggio ed i metodi per garantirla. Vengono inoltre considerati il consumo
energetico ed il peso economico necessari al raggiungimento di questo obiet-
tivo. In questo lavoro vengono proposte una serie di tecniche e applicazioni
che, opportunamente utilizzate, permettono di migliorare significativamente
sia la qualita` che l’efficienza nella conservazione del cibo dal punto di vista
sia chimico che energetico. L’argomento principale e` pertanto incentrato
sul risparmio energetico e sulla conservazione degli alimenti riguardante
i refrigeratori domestici e professionali. I frigoriferi, infatti, sono dispos-
itivi dal consumo energetico molto elevato e rappresentano addirittura il
15% del consumo domestico. Cio` e` dovuto alla loro grande diffusione ed
al loro funzionamento ininterrotto. Pertanto anche piccoli incrementi di
efficienza possono rappresentare un obiettivo importante. Nell’affrontare
questo argomento, si e` voluto evidenziare l’obiettivo primario che deve essere
la conservazione del cibo e non la refrigerazione in quanto tale. Sarebbe
quindi piu` adeguato parlare di dispositivi per la conservazione del cibo e non
di refrigeratori, ponendo in questo modo l’accento sugli aspetti direttamente
legati agli alimenti. Ne consegue l’importanza di integrare nella logica di
controllo anche la misura di parametri descrittivi dello stato di conservazione
degli alimenti.
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Chapter 1
Introduction
Food chain can be defined as the set of processes applied to a food
from its harvest or production to its consumption by consumers. Since the
beginning of mankind a substantial problem affected the food chain: food
spoilage in the distribution and storage. Preservation of food finds a key
role in the food chain. The main advantage of using preservation techniques
is that all of the processes are made by far less time dependent. From an
historical point of view simple kind of preservation techniques can be found
both in the animal kingdom and in the origin of mankind. These are for
example the storage of nuts and other vegetables or the burying of fresh
meat under soil. Main preservation techniques during past ages have been
the use of smoke, salt and spices for raw meat, drying cooking and cooling.
Nowadays the main means for preservation of foodstuff are canning and
cooling. As preservation is aimed to slow down food spoilage, it requires
energy to counteract the normal increase of entropy that occur in any natural
phenomena.
As energy demand is increasing worldwide, fossil fuel reservoirs are limited
and the cost of energy increase, a strategy to degrease the energetic demand
or at least control it is required. Moreover a more efficient use of energy is the
most cost effective strategy available to reduce carbon dioxide emissions[2].
Optimising the food preservation processes could lead to multiple goals:
• direct reduction of energy required for the preservation
• reduce the waste of energy associated to spoiled food
• increase the safety of preserved food; this will also reduce health issues
due to food, thus also the energy required in the healthcare processes.
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In this work the problem of optimising food preservation processes will be
treated from its energetic point of view. The cooling effect is nowadays one
of the most energy demanding processes for the food preservation. Refrig-
erators are used over the entire food chain, both in industrial, professional
and domestic sectors. Domestic refrigerators are accounted for the 15% of
the overall energetic demand for this sector. The problem of optimisation of
both energy consumption and quality of preserved food will be discussed.
The proposed approach for the energetic optimisation is based on the idea
that although breakthrough technologies have to be investigated, also soft
solutions to optimise actual processes can be applied, and with only little
effort. these are based on the knowledge of both the process of refrigera-
tion and food spoilage. The main goal of this work is to integrate in the
refrigeration control loop other information on the refrigeration process and
the quality of food, in addition to the cooled compartment temperature.
The user as well can be somehow informed on the preservation status, thus
performing an active part in the process.
1.1 Activity
The activity was structured to allow as much as possible the research on
both the areas of interest. Effort was made to overcome the problem of this
multi-disciplinary task and use it as an asset to achieve better comprehension
and results. During the first year these two themes have been studied and
inspected in depth in order to achieve a state of the art sight on both of
them. By this mean it has been possible to define closer areas of interest,
research strategy and tasks. In the energy saving field the research activity
was centred on the identification of models of the refrigerator. These were
intended to aid the optimisation of energy consumption in two different ways.
A first one addresses the design process with the tuning of the components
of the refrigerator to achieve the best energy consumption-performance
trade-off. Secondly a predictive model embedded in the refrigerator can be
used to provide users with a real-time feedback on refrigerator energetic
needs and to help them improve their energy-use behaviour. Main results of
this activity are the implementation of a semi empirical model which can
be used in different ways. It can emulate the behaviour of the refrigerator
to predict its state, performance and power consumption under the entire
working and environmental conditions in the range specified by international
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normative (ISO-ASHRAE). It can also be used to analyse the performance of
the refrigerator under different points of view. It provides useful parameters
such as thermodynamic and overall efficiency, limit cooling capacity and
insulation losses. Used on-line it estimates the power consumption (without
a direct measurement), the thermal load associated to the food present in
the cooled space and potentially dangerous trends of cell temperature to
predict fault or alarm states in compliance to the HACCP standard. These
results are not yet reported in literature by others research groups.
In the field of food preservation was investigated the problem of monitor-
ing the quality of goods during the preservation process. Although this task
can be solved in different ways, the method of monitoring the gases produced
by food was chosen among others. This technique allows a contact-less
monitoring of these gases, which in most cases constitutes a good precursor
of states of degradation. With this overview on monitoring methods the
specifications of a gas sensor based on a low cost and low power structure
have been identified. This should be capable of monitoring multiple gaseous
species in a harsh environment with very variable humidity content and low
temperature.
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Chapter 2
Green Economy
Green economy could be then defined as the set of human activities voted
to:
• the optimisation of energetic resources,
• the reduction of use of fossil fuel consumption,
• the reduction of release of greenhouse gases (GHGs) into the atmo-
sphere
• the increase the use of renewable resources
This approach could be accepted and used at different levels: from both
governments, industries and individuals. Even though the majority don’t
actively follow this approach, there are side benefits that encourage industries
and on the other aspect the markets to follow at least some of the directives
of green economy. These are:
• energy savings
• health benefits
• product quality enhancement
• product durability
• economic savings
What started from the initiative of individuals with a higher degree of
consciousness and respect for the environment, turned into a large scale
economic trend, that took only the aspects that are economically relevant
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and pushed them as a requirement for new products and behaviour. That
is, Green economy is the set of behaviours that are both economically
convenient and environmentally friendly. The main issue that this economic
movement is currently facing is the contrast between short and long term
economic earnings. Green economy shows the most advantages when policies
of investments in research, new technologies and people education are taken
into account and fulfilled. Therefore it is difficult to address Green economy
with short term profitability. Nowadays a trade off between short and long
term profitability could be observed, as emerging technologies have difficulty
to spread and be exploited because the economic rules require that a product,
process or behaviour has not to be replaced until it make profits or until the
initial cost is amortized.
2.1 Climate Change
Since the second half of the 20th century a new environmental threat has
been observed. The climate change which is facing contemporary world is
by no doubt addressed to the release in the atmosphere of greenhouse gases
(GHGs). The main consequence for this phenomena which is still on the
increase, is the global abrupt increase of temperatures. The main GHG is
carbon dioxide (CO2) which is mainly released by the combustion of fossil
fuels. Thus any strategy aimed to the reduction of GHGs have to promote
the reduction of use of fossil fuels for energy production1. This has a strong
impact on the means to harvest and use energy. The Intergovernmental
Panel on Climate Change (IPCC)[3] asserts in one of its last reports that
the three primary GHGs CO2, methane (CH4) and nitrous oxide (N2O) had
their concentration in the atmosphere increased significantly in the last 250
years. Moreover ice cores showed that these values were never that high over
the past ten thousand years. Forecasts for the mid-range period suggest that
GHG emissions will keep increase by 2025 of another 50%. This positive
trend in GHG production is closely bonded to the economic development
that rely on energy availability. For this reason the reversal of this trend
is a discouraging task for modern society. Climate warming is unequivocal
for IPCC, that bases its statement on the observation of rising average sea
levels, ice and snow melt and increased air and ocean temperatures. Air
1the correct term should be energy transformation or use, as the first principle of
thermodynamics states that no energy can be created but only transformed
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temperature near surface had an 0.74◦C average increase from 1906 to 2005
and this rate is increasing further. Eleven of the twelve warmest years since
1850 have been occurred in the period between 1995 and 2006. The estimated
global temperature will increase between 1.1◦C and 6.4◦C in this century,
which will cause sea level increase between 0.18 m and 0.59 m. These values
should rise further if taking into account non linear changes in ice and snow.
The current drifts in temperature and sea level will definitely have dramatic
consequences on the planet and human environment. To keep the average
rise of temperature between 2.0◦C and 2.4◦C above pre-industrial levels,
IPCC states that global GHG emissions by 2050 should be cut for a 50% to
85% from 2000 values[3, 4]. These IPCC forecasts have been accepted by
governments, which agreed at the G8 Hokkaido Toyako summit to reduce
global emissions by 50% by 2050[5].
2.2 Domestic Energetic Requirements
The European Environmental Agency reports that, as an average value,
the domestic sector is accounted for the 25% of the total energy requirements
within the European Union[2, 6]. The electrical energy requirements for
Figure 2.1: Breakout view of European overall energy requirements. Source:
European commission JRC[1]
the domestic sector are the 28.6% of the total, as reported in Figure 2.1.
Between 2006 and 2009 the electrical energy requirements of the domestic
sector had an annual increase from 0.31% to 1.35%, depending on the
country[6, 1]. This increase, which is reported still positive, is partially
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addressable to the spread and increase in number of domestic appliances,
due to new comfort expectations and ageing of population. The Presidency
Conclusions of the European Council[7], set the target at an overall 20%
energy efficiency improvement for 2020. The domestic sector and its electrical
Figure 2.2: Breakout view of household sector electrical energy consumption
in Europe. Source: European commission JRC[1]
energy requirements are one of the targets of this efficiency improvements.
Household appliances are accounted for the major part of domestic electrical
power needs (Figure 2.2). Domestic and professional refrigerators are large
energy demanding appliances in both emerging and developing countries. In
particular household refrigerators are accounted for 122 TWh per year in
EU-27, which means the 15% of the domestic power needs[1]. Their capillary
spread over the entire food chain, combined with the 24 hours a day use,
justify this energetic demand and make important even the smallest energy
efficiency improvement.
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Chapter 3
Food Preservation
In the food chain from production to consumption a key role is covered
by those techniques and processes that aim to the food preservation. Only a
small number of food products are left unchanged from harvest or product to
the end user. The majority of foodstuff require indeed one or more processes
to help the preservation of their physical and chemical properties over longer
periods of time. Since the beginning of humankind some methods of food
preservation have been used. The oldest are focused on the preservation
of meat: cooking, smoking and the use of salt and spices, while canning
and cooling of foodstuff are nowadays the most common methods for food
preservation.
Spoilage could be defined as any physical or chemical process that reduces
safety, nutritional value or perceived quality (taste, flavour, appearance) of
food. Spoilage can be addressed to four different processes[8].
Microbial spoilage: in which microorganisms activity is directly address-
able as the cause of deterioration of food
Enzymatic spoilage: undesired enzyme catalysed reactions on one or more
chemical compounds present in the food
Chemical spoilage: in which non-enzymatic chemical reactions occur among
food components or between food and the surroundings
Physical spoilage: in which only physical properties of food (humidity
adsorption, separation of emulsions etc.) are affected.
Microbial activity is the most important type of spoilage, as it may affect
both quality and safety of food.
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3.1 Food Preservation Techniques
The totality of preservation processes work to prevent or reduce the
activity of one or more spoilage processes. The effort in terms of knowledge,
energy or matter required to neutralize spoilage is related to the rate and
efficiency at which the degradation process increase food entropy. Several
preservation processes are available and every one of them is more effective
to counteract certain spoilage mechanisms and has its drawbacks.
Thermal processes: in which heat is supplied to food. Heat treatments
have two different effects, which can be both desirable or unwanted.
Microorganisms and enzymes are destroyed or inactivated at high
temperatures. To ensure this effect food has to be exposed at a certain
temperature for sufficient time to enable the desired temperature to
be reached also inside the product. This requires that food have to be
exposed for long times to high temperatures, especially for high heat
capacity or large products. All chemical reactions are accelerated when
temperature is increased. This means that while destroying enzymes or
microorganisms, food is subjected to heat-induced chemical reactions
as well. These could be desirable, as constituting the cooking process,
or could be unwanted as enhancing chemical spoilage.
Low temperature processes: in which heat is removed from food. As
temperature is decreased chemical reactions are less even to occur.
Both microbial, enzymatic and chemical spoilage are thus reduced or
completely avoided. This preservation process as well has drawbacks. If
temperature is decreased below 0◦C formation of ice may alter perceived
quality of food. As water, which is present in almost all foodstuff,
change to solid phase, its volume increase, eventually provoking the
explosion of cell membrane. Meat and fresh vegetables are heavily
deteriorated if for example the cooling process is not fast enough
to avoid the growth of water crystals. While thermal processes are
permanent because microorganisms and enzymes are destroyed, low
temperature only slow down or eventually stops spoilage as long as
low temperature is maintained. When normal temperature is restored
almost all of spoilage processes start again. For this reason the cold
chain has to be guaranteed over the entire food’s shelf life. Two
different cold processes exixst. Chilling consists in keeping foodstuff
at low temperatures above food freezing point. In this case spoilage
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rate is only decreased. Freezing exploits the phase change of water
from liquid to solid to drastically decrease molecular mobility and then
all types of chemical, microbial and enzymatic activities are almost
stopped.
Reduction of water activity: as low temperature processes depresses
spoilage, the reduction of water content of food can achieve the same
result. Below certain levels of water concentration both microbial
activity and enzymatic reactions are stopped. Water concentration
can be reduced by direct removal (drying) or by adding solutes (sugar
or salt). While dried products can be in part or entirely regenerated
by the addition of water, the use of salt or sugar comport in most
cases to have a product different from the original in terms of taste,
flavour, appearance and nutritional properties.
Ionising radiation: almost any kind of organism is affected when exposed
to ionising radiations. A proper dose is completely effective in the
destruction of microorganisms and deactivation of enzymes. The use
of ionising radiation is the most effective method, although other high
energy processes may serve for the same goal. High strength pulsed
electric fields can be applied to food in order to destroy microorganisms,
while UV light and ozone are two effective methods to sterilise food
surfaces. High-intensity ultrasonic waves are an other effective mean to
destroy microorganisms and denature enzymes. Pulsed electric fields
and ultrasounds are often used in combination with a heat treatment,
as providing energy in two forms instead of the sole heat allow the
use of lower process temperatures. In this way food products are less
damaged by the heat treatment[9].
chemical preservation: microbial, enzymatic and chemical spoilage can
be controlled and avoided by the use of proper chemical preservative.
The increase of acidity is an easy and effective method to create an
hostile environment for microorganisms. Several enzymatic and chemi-
cal reactions are strongly affected by pH as well. Several compounds
(i.e. sulfur dioxide, benzoic acid, sorbic acid) are used and effective in
preventing some sort of spoilage. Preservatives, antioxidants stabilisers
etc. are all of great use and interest for chemical preservation. Of
course the use of these chemicals is strictly regulated by laws and
normative.
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Concluding, packaging is as important as active preservation methods.
The prevention of microbial contamination, oxidants, light and moisture is
the first requirement to extend the shelf life of certain foods. Moreover some
chemical preservatives can be embedded in the packaging thus enabling the
active packaging [8, 10]. An important packaging technology is the use of
vacuum. In this case the air removal or its substitution with inert gases act
both as a functional packaging and an effective way to avoid food oxidation
and contamination by air[11, 12].
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Chapter 4
Food Quality Control
Despite its common use, the term ”quality” is not easy to define. In
general it is a subjective term, otherwise it makes reference to particular
criteria or standards. In the most generic sense, quality refers to a set of
characteristics that establish a products acceptability. In the food industry,
quality is intended as an integrated measure of purity, flavour, texture, colour
and appearance. Another criteria for quality can be the value or perception
of the product’s worth.
Quality control systems depend on the particular requirements of markets
and regulatory agencies. Their main characteristic is therefore to identify and
to address such requirements. In the food compartment there are two distinct
aspects of food quality management. The first defines quality in terms of
conforming to certain market requirements such as perceived properties like
size, colour or flavour. The second defines quality as an indicator of food
safety. In this term, quality is used to address food safety hazards that
can be introduced at different points in the food chain or are difficult and
costly to measure. Good Agricultural Practices (GAP), Good manufacturing
Practices (GMP) and Hazard Analysis Critical Control Points (HACCP)
are the most widely used among these methods and part of a strong trend
in the more developed markets that are increasingly requiring their rigorous
application.
Legal standards are commonly established by national governments.
These standards are often mandatory and represent minimum standards of
quality and safety. Their major purpose is to ensure that products are not
adulterated or do not harbour dangerous contamination. This might involve
undesirable micro organisms, insects, filth, pesticides or potentially toxic
additives. Processing conditions may be considered as well to ensure that
12
foods are not contaminated or damaged.
4.1 Overview on Gas Sensors
Quality is often not assessed with sensors but with analytical chemical
techniques. This short review will focus only on gas sensors, as the remote
monitoring of food quality is an objective of this work. There will be
neglected also those devices which are used as detectors of a certain quantity.
The main difference between a sensor and a detector is that only in the
first one the interaction between the sensing element and the quantity to be
measured is a reversible process.
4.1.1 Metal Oxide Sensors
Metal oxide sensors (MOS) consist of a metal-oxide semiconducting
film (e.g. SnO2,TiO2, ZnO, ZrO2) deposited on a ceramic substrate. An
heating element is often embedded. Oxygen from the air is adsorbed in
the semiconductor lattice, setting its electrical resistance to a background
level. During the measurement, the volatile molecules, mainly non-polar, are
adsorbed at the surface of the semiconductor where oxidation or reduction
with the dissolved oxygen species occur. This causes a further modification
of the resistance of the device.
The sensitivity and selectivity of MOS sensors are determined by the
choice of the semiconductor material. Doping the semiconductor with noble
metal catalysts (Pt, Pd, Al, Au) is a common way to change the selectivity.
Other means are the control of operational temperature (200◦C−500◦C) or
by introducing thermal cycles. Changing grain size, thickness of the semi-
conductor film or coating the sensor with a gas permeable membrane with
varying thickness are other means to enhance the selectivity. Doped sensors
show greater sensitivity to oxygenated volatile organic compounds (e.g. alco-
hols, ketones, etc) than to aliphatic, aromatic or chlorinated compounds[13].
Doping with Pt and Pd increases the sensitivity of SnO2 sensors to gases
such as benzene and toluene. These sensors have a logarithmic response on
the concentration of volatiles, thus loss of sensitivity arises in the presence
of highly concentrated detectable species such as ethanol[14]. Schaller et
al.[15, 16, 17] have reported large background drift of conducting polymers
and MOS sensor poisoning when attempting to analyse cheese samples of
Emmental type. The recent models in the market seem to be able to correct
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for drift and they usually include a temperature and humidity monitoring
device. Higher operating temperatures allow a better sensor regeneration
after each analysis.
4.1.2 Conducting Organic Polymer
Conducting organic polymer sensors are made of semiconducting materi-
als, aromatic or heteroaromatic (i.e. polypyrrole, polyaniline, polythiophene),
deposited onto a substrate and between two electrodes[18]. As in MOS sen-
sors, volatile compound is adsorbed and this interaction induce a reversible
change of polymer electrical conductivity.
They are mainly sensitive to polar volatile compounds, although selectiv-
ity sensitivity can be modified by the use of different functional groups, poly-
mer structure and doping ions[19]. Thus, composites of polymer with thermo-
plastic binders or glass fibres (e.g. polypyrrole with polyimide, polypyrrole
with SnO2, or with copper and palladium inclusions) show large responses
to non-polar volatiles[14]. Biomaterials such as enzymes or antibodies may
readily be incorporated into polymer structures as well[13]. Electrically insu-
lating polymers can be loaded with carbon black as an electrically conducting
filler. When exposed to volatile compounds the volume of the insulating
polymer increases, enlarging the distance between the conducting carbon
black particles. This results in an increase in the electrical resistance[20].
These sensors are generally sensitive to water vapour. The absorption
of water molecules inhibits the absorption of other volatiles, resulting in
lower sensitivity. The other big drawback of this technology is the poor
reproducibility in manufacturing polymer sensors.
Conducting polymer-based sensors show linear responses and higher
selectivities compared to MOS sensors. In contrast with MOS sensors, no
poisoning effect with sulphur-containing compounds or weak acids has been
observed. They show faster responses and base-line recoveries, and do not
need high operating temperatures[21].
4.1.3 Microbalances
Briefly, they are constituted of a piezoelectric resonator which is covered
with a sensing element such as polymers. Physical changes in the sensing layer
as mass, elasticity or viscosity, mechanically affect the quality of resonance
and are easily detected with the proper conditioning circuit. Frequency
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shift, amplitude attenuation or phase shift can be monitored. The type
of resonance defines different microbalance implementations. These are
mainly quartz crystal microbalance (QCM), bulk acoustic wave (BAW) and
surface acoustic wave (SAW) sensors. Selectivity and sensitivity of this
type of sensors depend on the composition of the sensing element, type of
resonator and working frequency. The difference between SAW, BAW and
QCM is the mode acoustic waves propagate in the crystal. SAW operate at
50−1000 MHz while QCM below 500 MHz. SAW devices are more sensitive
but also more unstable and often require a differential setup[21].
4.1.4 Chemfet
The I-V characteristic of a commercial MOSFET is controlled by the
Gate voltage. The idea underneath Chemfet (Chemical FET) is that a
generic sensing layer, when interact with different gaseous species, will
show both physical modifications (detected by microbalances) and electrical
variations. If the sensing material change its superficial charge, this can be
easily detected by exploiting the high charge sensitivity of the channel of a
MOSFET. The two main implementations show the active layer electrically
deposited onto an electrode which is directly connected to the floating gate.
In the other case the active material is directly printed onto the oxide
channel insulator. The very high sensitivity of this technique and the deep
knowledge over silicon technology make this sensing solution very attractive.
The possibility to integrate in a single device an array of sensing elements
and the acquisition circuitry allow the implementation of complex systems
at relatively low costs.
4.1.5 Electrochemical Cells
These kind of sensors are based on redox reactions that occur between
an electrolyte and the gaseous molecules. An electrolyte is placed between
a sensing electrode and a counter-electrode. The cell is isolated by the
environment by a selective membrane. When the gaseous molecules enter
the cell, redox reactions unbalance the electric potential of the sensing
electrode. The amount of current that is produced by the cell is proportional
to the amount of molecules who have passed the selective membrane. When
no volatile compounds pass the membrane the cell is at equilibrium, thus no
current is generated. The selectivity of these sensors depend mainly on the
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membrane used.
4.1.6 The Electronic Nose
Since the first applications of solid state gas sensors arrays, electronic
noses have undergone a large development. Traditionally in the food industry,
monitoring of products in terms of quality and control of production processes
are performed via physic and chemical measurements, while aroma assessment
is not used, with a few exceptions, as an indicator of product conformity
and quality. This is mainly due to the lack of reliable odour assessing
instruments, while employ sensory panels for the continuous monitoring of
aroma is not a feasible solution. Electronic noses have the potential to fulfil
this task. Compared to sensory panels the main advantage of electronic
noses is that once calibrated they can continuously perform odour assessment
at minimal expenses. Before the advent of electronic noses the only possible
instrumental analysis of the mixture of volatiles present in the proximity of
a product was the laboratory grade chemical analysis.
An electronic noses is based an array of multiple gas sensors which are
semi-selective. This cross-reactivity to a gas mixture produces a response
pattern that, within certain constraints, is unique to the aroma of a particular
food. Thus the electronic nose is constituted of a sensor array and a pattern
recognition system. Various techniques have been proposed to assess and
identify patters. Among others fuzzy logic and artificial neural networks
are within the most studied and effective to cope with this task. The array
can be constituted by discrete sensor modules based on different sensing
technologies or all of the sensors can be embedded in a single chip with an
array of transducers, each functionalised with a different sensing element.
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Chapter 5
Review on Refrigeration
Techniques
Refrigeration is defined as the process of extraction of heat from a
substance and transferring it to another substance or the environment. The
target substance is usually kept at a lower temperature than the environment,
thus the refrigeration process require work to maintain the lower temperature
and to prevent heat to flow back from the high temperature side to the low
temperature side. The heat transfer is achieved by the use of a refrigeration
mean, such as a cooled liquid or air to extract heat from the substance. In a
refrigerator system there are two heat exchangers, one is maintained at high
temperature while the other at low. The active component of the refrigerator
is placed in between the two exchangers and uses an external energy source
to force heat to flow from low to high temperature side. Refrigerator
systems can be classified by the type of input energy and the physical
process that enable extraction and rejection of heat. Vapour compression,
absorption and air or gas expansion are the three main processes based on
thermodynamic transformations. Other processes rely on thermoelectric and
magneto-thermal effects.
5.1 Vapour Compression Cycles
In vapour compression cycles heat is transferred by exploiting latent heat
of evaporation and condensation of the refrigerant fluid. A compressor is
used to activate the refrigerant by increasing its pressure to its condensing
point at high temperature. The latent heat of condensation is removed from
the refrigerant in the condenser heat exchanger. The liquid refrigerant is
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then throttled to a low pressure, low temperature vapour that produce the
refrigerating effect when it evaporates again[22].
A refrigerant is constituted of a single chemical compound or a mixture
of multiple compounds.
• Azeotropic: a mixture of multiple components of refrigerants that
evaporate and condensate as a single substance. These blends have
different properties from those of their components and cannot be
separated by distillation. The volumetric composition and saturation
temperature of these mixtures do not change when they evaporate and
condensate at constant pressure
• Near Azeotropic: are mixtures with characteristics close to azeotropic
blends
• Zeotropic: in these blends volumetric composition and saturation
temperature change when they evaporate and condensate at constant
pressure.
The advantage of using a blend of two or more chemical compounds is
that the properties of the blend can be tailored by varying the fractional
composition of the compounds.
A refrigeration process defines a refrigerant thermodynamic change and
the exchange of energy to the surroundings. A vapour compression cycle is
defined by the following processes:
• Evaporation: the refrigerant evaporates at a temperature lower than
its surroundings, thus absorbing the latent heat necessary for the
evaporation
• Superheat: evaporated refrigerant absorb further heat and increase
its temperature above the evaporation temperature. This process is
performed to ensure that no liquid refrigerant flows into the compressor
• Compression: refrigerant is compressed to higher temperature and
pressure. External work is required for this process
• Condensation: refrigerant in its gaseous phase is condensed to liquid
by transferring its latent heat to the surroundings
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Figure 5.1: Schematic diagram of a Carnot refrigeration cycle(top) and
temperature-entropy representation(bottom) of the vapour-compression cycle
• Throttling and expansion: a pressure drop through the throttle let the
liquid refrigerant decrease its pressure while flowing in the low pressure
side of the refrigeration cycle.
The Carnot cycle is the most efficient refrigeration cycle, as it is a
reversible cycle and all of the processes in this cycle are reversible. Figure
5.1. shows the related diagram for this cycle. The four transformations that
occur in a Carnot refrigeration cycle are:
1. heat q1 is extracted at constant temperature T1 in the isothermal
transformation 4− 1
2. isentropic compression 1− 2, work W1−2 is required
3. in the isothermal transformation 2− 3 heat q2 is rejected at constant
temperature T2
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4. isentropic expansion 3− 4, work W3−4 is produced.
From the First law of Thermodynamics (law of conservation of energy) it
comes that the net heat exchanged by the refrigeration cycle is equal to the
net work done. Thus
q1 − q2 = −W
q1 = q2 −W
q2 = q1 + W (5.1)
The heat extracted in the low temperature side T1 is expressed in terms
of refrigerant entropy state points:
q1 = T1(s1 − s4) (5.2)
and
q2 = T2(s2 − s3) (5.3)
Because in the isentropic transformations 1−2 and 3−4 s1 = s2 and s3 = s4,
q2 = T2(s1 − s4) (5.4)
For a refrigeration cycle the coefficient of performance (COP) is defined as
the ratio of refrigeration effect q1 (extracted heat) to the work input Win,
COP = q1/Win
using Eq.5.1 that is
COP =
q1
q2 − q1 =
T1(S1 − S4)
(T2 − T1)(S1 − S4) =
T1
T2 − T1 (5.5)
Vapour compression cycle is not well described by the Carnot cycle,
as the 3 − 4 isentropic transformation of condensed refrigerator produce
little work. Thus a single stage ideal vapour compression cycle is used
instead. In this case the heat engine is replaced with a throttling device
such as an expansion device. The ideal cycle assumption stands in the
fact that the compression process is isentropic and that no pressure losses
are accounted to pipelines and heat exchangers[22]. Figure 5.2 shows the
temperature entropy and Pressure enthalpy diagrams for an ideal single
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Figure 5.2: An ideal single stage vapour compression cycle, Pressure-enthalpy
and Temperature-entropy diagrams
stage vapour compression cycle. The refrigerant evaporates entirely in the
evaporator, absorbing heat from the environment. At state point 1 gaseous
refrigerant enters the suction line of the compressor, in which an isentropic
transformation 1− 2 is performed. The latent heat of condensation is then
rejected by the condenser and the liquid refrigerant is presented at state
point 3. 3 − 4 transformation is the only irreversible process in the ideal
vapour compression cycle, in which entropy increase is not associated to
work or heat exchange with an external source. At a steady energy flow
condition, the four thermodynamic transformations can be described in
terms of enthalpy [J/g] and work [J/g] (normalised per refrigerant mass
unit):
1. Isentropic compression 1− 2: Win = h2 − h1
2. Condensation 2− 3: q2 = h3 − h2
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3. Isenthalpic throttling 3− 4: h3 = h4
4. Evaporation 4− 1: q1 = h1 − h4
The coefficient of performance can be expressed in therms of enthalpy:
COP =
q1
Win
=
h1 − h4
h2 − h1 (5.6)
With the introduction of the mass flow rate term, m˙r[g/s], the refrigeration
capacity Q1[J/s] can be calculated Q1 = m˙rq1.
Vapour compression cycle is the most used technique in refrigeration
and air conditioning systems, both in small domestic appliances and in
large industrial equipments. The main differences between these systems
are the components used. Domestic appliances mount low cost hermetic
compressors with relatively low efficiency and capillary tubes as throttling
elements, which are inexpensive but don’t allow the control of the load point
of the refrigeration cycle. It is worth noting that low power (<1 kW) single
phase electric motors are nowadays designed with particular care for final
product costs. A common strategy is to reduce the use of expensive materials
as hi quality iron for magnetic cores, the amount of copper windings or
its replacement with less expensive aluminium windings. These strategies
decrease both product costs and performances of motors, thus increasing
power consumption and Joule effect losses[23]. On the contrary large refrig-
eration units make use of hi performance compressors, actively controlled
throttling elements and other elements that guarantee long system life even
in heavy duty conditions. To increase the performance of large systems,
multiple refrigeration cycles can be used in series. This approach multiply
initial costs but strongly increase COP value[22].
Reciprocating compressor: In small appliances reciprocating hermetic
compressor is by far the most used. These are based on the well known
piston-crankshaft displacement in which the refrigerant alternatively
enters the cylinder through suction line and valve, and exits at higher
pressure from the discharge line. Bigger reciprocating compressors are
made semi-hermetic or even open. The main advantage of these two
solution is the easier access to inner parts for service and maintenance.
This kind of compressor can operate from low to high pressures and
their design and construction technology is well consolidated.
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When a refrigeration unit is switched off, hi pressure at discharge
and in cylinder head persist for a few minutes. Re-activating the
compressor in this situation requires the motor a higher peak torque.
If the compressor is short-cycled, it may damage system components
and increase ageing rate. A liquid slug is incompressible and in an
vapour compression refrigerator this could be a mixture of compressor
oil, liquid refrigerant and residual water. When a liquid slug enters the
compression chamber, it may damage the valves, pistons, and other
components. Inverter based variable-speed reciprocating compressors
have the advantage of modulating refrigerant flow, thus the refrigeration
effect. At low frequencies Joule losses in the induction motor is the first
cause for energy loss, while at high speed mechanical vibrations and
noise abruptly increase. In addition, they require a specially designed
expansion valve to work with wide ranges of refrigerant flows[22].
Rotary vane compressor: These are constituted of a cylindrical rotor
with a number of blades that slide freely in and out of this cylinder.
Rotor and blades are confined in a larger outer cylinder. The two parts
are not coaxial and the surfaces of the two cylinders contact in one line.
By rotating, the volume comprised between two blades vary from a
maximum in correspondence of the suction line, to a minimum, in which
the discharge line is mounted. These compressors are quite robust, have
long durability and high efficiency (up to 90%). Rotary compressor has
a small clearance volume and therefore greater volumetric efficiency
and smaller re-expansion losses than a reciprocating compressor[22].
Rotary screw compressor: Two complementary helical screws are mounted
in a hollow container and are kept at close tolerance. As they rotate
in opposite directions, the volume comprised in the hollow part of the
two screws is forced to flow from the intake to the exhaust port. The
construction process require high precision mechanical tools and their
operation requires particular care as they are very sensitive to dirt
particles, moisture ans slug. They offer very low noise of operation, no
issues in starting with high pressures at discharge and the pulsating
pressure effect at discharge is negligible. Screw compressors are more
energy-efficient than a reciprocating or a scroll compressors of the
same size, operating at the same conditions, while they are less energy-
efficient than centrifugal compressors using a water-cooled condenser.
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Some recently developed screw compressors can even tolerate liquid
slugging[22].
Scroll compressor: Scroll compressors are constituted of two planar spiral-
like vanes positioned on two parallel discs, one of those is moved
eccentrically. This movement traps the refrigerant between the two
spirals and, like in the screw compressor, is forced from the intake to
the discharge. They have a very smooth operation and can be run in
a wide range of velocity to allow a better control of the cooling effect.
Scroll compressors have an isentropic efficiency of 70% at low pressure
ratios (<3). Most of the actual scroll compressors show a COP greater
than 3, which is higher than that of rotary compressors and standard
reciprocating compressors[22].
Centrifugal compressors: A centrifugal compressor is a turbo-machine.
Therefore the conversion of velocity pressure to static pressure is
the mechanism underneath this kind of compressors. A single-stage
can achieve compression ratio of 4, while connecting in series more
impellers can satisfy most compression requirements. Wear, service
and durability issues are the same of other types of turbo-machines[22].
Linear displacement compressors: they are based on the reciprocating
piston compression, although in this case the crankshaft is replaced with
a linear electromagnetic actuator. They are currently under study to be
used as a substitute for conventional reciprocating compressors. They
should provide comparable efficiency while reducing production costs
and increasing durability. Some studies reported that by monitoring
supplied voltage and current it is possible to have a real time estimation
of very useful parameters such as refrigerant flow, suction and discharge
pressures[24].
5.2 Other Refrigeration Technologies
5.2.1 Adsorption Effect
Adsorption refrigeration rely, as in vapour compression systems, on the
transition of refrigerant from liquid to vapour phases. The refrigeration
circuit is constituted as well of a condenser and an evaporator. The com-
pressor is replaced by a solid adsorbent bed. The natural affinity of the
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adsorbent material to attract refrigerant molecules is exploited as a vacuum
mechanism. As pressure in the evaporator is decreased, refrigerant keep
evaporating thus producing the refrigeration effect. When the adsorbent
bed is saturated, evaporator valve is closed. High temperature is used to
regenerate the adsorbent, while the refrigerant flows through the condenser
and is then re-admitted in the evaporator. This process is intrinsically
cyclical therefore heat capacities or multiple adsorption systems have to be
used to provide continuous cooling. As refrigeration and regeneration phases
are independent, this system is used in single use cooling units (i.e. for cold
beverages). In this case the exhausted refrigerating envelope is regenerated
for reuse. The most common adsorption pairs are: silica gel and water,
zeolites and water, zeolites and methanol and active carbon and ammonia.
The main technical issue of these systems is to ensure a high degree of purity
in the refrigerant vapour. If residual or leak air is present in the refrigeration
circuit, refrigerant partial pressure increases, thus affcting the evaporation.
Adsorption systems are heat-operated units that need little electricity, so
they can utilize waste heat or renewable energies. Solid adsorption machines
are also noiseless. In comparison with the vapour compression refrigeration
and absorption refrigeration systems, adsorption has its drawbacks, such
as low mass and heat transfer performance, COP and low specific cooling
power.
5.2.2 Magnetocaloric Effect
Some ferroelectric substances show magnetocaloric effect. When such
materials are magnetised or demagnetised, they produce or absorb heat.
A magnetic refrigeration cycle employs a solid-state magnetic material as
the working material. The solid refrigerant is alternatively magnetised and
demagnetised. As a normal refrigerant, it has to be moved from cold to hot
space in order to make the refrigeration effective. To facilitate heat absorp-
tion and rejection, the magnetocaloric effect is combined with a circulating
heat transfer fluid. A common implementation of magnetic refrigeration is
constituted of a ferroelectric disc which rotates continuously. A permanent
magnet apply a high strength field only to a portion of the disk. Heat transfer
fluid is fed on the high and low temperature sides of the disk. It is then
collected and directed to hot and cold sides of the refrigerator respectively.
Magnetization and demagnetization of a magnetic refrigerant can be com-
pared to compression and expansion in a vapour compression refrigeration
25
cycle. Unlike conventional refrigerants, soft ferromagnetic materials have
the advantage of a virtually loss-free and reversible thermodynamic cycle.
The application of magnetic refrigeration for air conditioning and cooling of
food is an emerging technology which could offer the prospect of efficient,
environmentally friendly and compact solutions[25].
5.2.3 Air Cycle
Air cycle refrigeration is based on the reversed Joule (or Brayton) cycle.
Air flows through each of the system components without changing phase.
Similarly to vapour compression cycles, air reject and adsorb heat at constant
pressure in two heat exchangers, while air compression and expansion are
two isentropic processes. The heat transfer make the air in the exchangers to
increase or decrease its temperature. Compared to a reversed Carnot cycle,
Brayton cycle operates over a wider range of temperatures, resulting in a
significantly lower isentropic efficiency. Actual compression and expansion
processes are not isentropic, thus increasing entropy and efficiency losses. As
air has a low specific heat when compared to heat of vaporisation, the mass
flow required for comparable cooling effects is much higher. This results in
elevated frictional pressure drops in the air conducts. As a result the actual
cycle coefficient of performance is much lower than for the corresponding
ideal cycle.
5.2.4 Stirling Cycle
According with the second law of thermodynamic, in any refrigeration
cycle including the reversed Stirling cycle, net work input is necessary. This
is achieved by moving the gas in the system backwards and forwards, with
the use of a displacer piston, between the hot end and cold end spaces of
a cylinder. A second piston compress and expand the gas volume, thus
inducing alternatively heat rejection and adsorption. Expansion is made
when the displacer forces the gas in the cold side, while, with the gas in
the hot side, the outer piston compress the gas. As a result the work done
on the gas during compression is greater than the work done by the gas
during expansion. Two heat exchangers are placed on hot and cold ends
of the cylinder to allow heat transfer to the surroundings. The Stirling
cycle cooler is a member of a family of closed-cycle regenerative thermal
machines. Modern high-performance Stirling cycle machines use helium,
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or sometimes hydrogen, as the working gas because of their superior heat
transfer properties if compared with air or nitrogen. Due to the normally low
densities of these gases, power density is improved increasing gas working
pressure, which in turns requires particular attention in the design to prevent
leakage of small H2 or He molecules. Commercial Stirling refrigeration
systems are available, and the reported coefficient of performance span from
3 to 0.7. They are used for cooling at temperatures from 270 K to 60 K[25].
5.2.5 Thermoelectric Effect
The Peltier effect describes the variation of temperature in a junction
between two different conductors when a direct current is flown. The di-
rection of such current determine whether junction temperature increase
or decrease. A thermoelectric couple can be regarded as a solid state heat
pump. When a direct current I passes through the junction, from the n-
type material to the p-type material, the majority charge carriers in both
materials flow, and transport energy, away from the junction. As a result
junction temperature decrease and absorbs heat from the cold source to
maintain conservation of energy and charge. The energy pumped from the
low temperature side by the electrons and holes produces a temperature rise
at the opposite ends of the thermoelectric elements, where heat is rejected
to the sink. Thermoelectric coolers are lightweight, compact, DC powered,
solid-state devices incorporating one or more semiconductor thermocouples.
They don’t have moving parts, and are reliable, virtually maintenance-free,
silent and vibration-free in operation. No refrigerant gases are involved.
Both heating or cooling can be achieved by inverting the DC current. Heat
flow or cold and hot temperatures can be somehow controlled with current
amplitude. The main drawback of thermoelectric cooling is the intrinsi-
cally low coefficient of performance which is linked to the properties of
thermoelectric materials. Thermoelectric modules are extensively applied
for the cooling or temperature stabilization of electronic devices where small
size and high reliability are preferred to efficiency. Nearly all commercially
available Peltier cells are constructed from bismuth telluride (Bi2Te3) based
bulk materials. To avoid poor efficiency , maximum achievable temperature
difference for a single-stage thermoelectric element is around 70 K[25].
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Chapter 6
Refrigerator Modelling
As widely expressed earlier the refrigerator is the main appliance which
enable both distributors and end users to preserve a wide range of foodstuff
without a particular care on the type of food. In chapter 3 it has been shown
that the cooling effect act on any product in the same way: it reduces the
probability and frequency of chemical reactions to occur, thus slowing the
natural ageing of food. Although this solution is very effective, as it is widely
used everywhere, it also is not optimised. Two main reasons to support this
statement are provided:
• The cooling effect is not selective, as it is the same for any kind of food
• The only feedback in the control loop of a refrigerator is the tempera-
ture inside the cell1, nor preservation quality or type of food.
The main goal of the next two chapters is to identify theoretical and prac-
tical guidelines to evolve the concept of the refrigerator from a cooling device
to a preservation device. The driving idea is that a cooling based preservation
device is a device that rely on the cooling effect as the main mechanism to
preserve foodstuff and embeds in the control loop also informations on the
food to be preserved. This chapter will focus on the energetic part of the
cooling process while the next chapter will target specific informations on
food quality and spoilage.
When the refrigeration process is observed from an energetic point of
view, two main aspects can be identified. These are:
• energy efficiency of the cooling cycle and the refrigerator
1although some hi-level refrigerators incorporates humidity information in the control
loop, while blast chillers are commonly provided with food temperature probes
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• the amount of heat extracted from the food to be cooled.
These two aspects can be related to green economy and food quality re-
spectively. A simple and effective mean to decrease the energetic demand
of refrigeration appliances (as all other domestic appliances as well) is to
provide the user with real time and average informations on the energy
consumption of the appliance itself. It has been found that underlying and
providing the user with the energetic impact of its actions on the use of
the appliance is of great effectiveness to reduce the energy consumption of
the appliance itself. In detail, several studies have underlined that a 10%
to 20% of energy consumption in the domestic sector could be saved by
modifying the sole behaviour of the occupants[26, 27]. A real-time feedback
on refrigerator energetic needs have been identified as an essential informa-
tion to help individuals improve energy use behaviour[28, 29]. All of these
improvements could be described as soft modifications, as they don’t require
a priori substantial changes on the structure of actual appliances.
From the other side performance enhancements of refrigerators is being
addressed both by optimisation of existing technologies and by the introduc-
tion of new disruptive ones. As summarized in chapter 5, thermal insulators,
high heat capacity materials, novel refrigerant fluids, Stirling[30] and lin-
ear compressors, thermoacoustic[25] and magneto-thermal[31] effect are all
subjects of great interest as promising means to improve the efficiency of
refrigerators. All of these hardware technology improvements requires the
new solutions to be developed and deeply tested before any implementation
in a commercial appliance. They also have to have a high level of economical
convenience for both the manufacturer and the consumer. Talking about
feasibility, soft improvements as the feedback to the user or the power esti-
mation don’t require a priori a deep re-engineering of actual products. These
kind of improvements should also be technology platform independent, as
they should be applied for example to both vapour-compression cycle and
thermoelectric refrigerators. This work will focus mainly on soft improve-
ments. A preliminary part was aimed to identify any kind of information
that could be derived from the cooling process. These are:
• electrical energy consumption
• rejected heat
• net extracted heat (from food)
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• extracted heat due to losses (not imputable to food)
• food thermal mass
• energetic conversion efficiency.
Starting from these quantities, an effective result should be to provide
the user with a feedback on electrical power consumption of the refrigerator,
both the average and the value addressable to a specific event, such as the
introduction of a new food load in the refrigerated cell. The real time trend
of heat extracted from food should be of use to compute the thermal mass
of the food in the cell and to estimate the cooling time. Such an information
could be used to predict critical events for the refrigerator (e.g. too much
load) or for the food (e.g. too long cooling time). All of the quantities listed
above can be derived from the analysis of the cooling device. For refrigerators
based on the evaporation-compression cycle, several approaches are presented
in literature. The range varies from direct measurement techniques to the
estimation of quantities of interest by use of in depth physical models or
lumped parameter models.
6.1 Proposed Strategy
Useful information on the state of the refrigerator such as electrical power
consumption, performance or heat extracted from the cabinet are difficult
to measure directly without a complex acquisition system. Electrical power
consumption can be measured by probing voltage and current supplied to
the appliance, while for thermodynamic quantities this task will require even
more efforts:
• multiple temperature probes, one or two refrigerant pressure probes
and a refrigerant mass flow meter are required
• computational requirements as well have to be assessed to allow the
indirect measurement2 of these quantities.
The only solution which could have some sort of applicability is the estimation
of the quantities of interest through the use of mathematical models of the
process. Detailed physical models of single parts of a refrigeration units as
2direct measurement of thermodynamic quantities such as extracted heat are by far
the less applicable embedded in appliances
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compressors, evaporators, condensers and isenthalpic valves are well known
and discussed extensively in literature[30]. Unfortunately these models rely
on complex equations that covers mechanical and thermodynamic aspects,
which are run by numerical simulators. An approach based on these models
is difficult to be embedded in a commercial appliance for two reasons:
• high computational costs
• these models are strongly dependent on the practical implementation
of the system and on the commercial parts used, thus any different
appliance will rely on a new custom model.
An estimation of characteristic values of a refrigerator can be determined
with the support of a behavioural model of the refrigerator tuned on its
load characteristics. The components to be taken into account to charac-
terise refrigerators and in general cold appliances are heat pump (generally
compressor, evaporator and isenthalpic valve), cabinet or room to be cooled
and external environment (temperature and humidity). To characterise
the entire refrigerator the layout of the components in the cabinet and
their interconnection must be taken into account as well because the overall
performance is strongly related to the practical assembly of the system. This
implies that the real behaviour cant be defined by the sole combination of
the characteristics of its components but require an overall performance
characterisation. Moreover cold appliances are in general non-linear systems,
thus their characterisation requires multiple points of load and environmental
conditions to be acquired.
Standard procedures to characterize a refrigeration compressor are mainly
based on the measurement of its values of temperature, power consumption,
pressures and extracted heat at different points of its load curve. The
approach here proposed draws from this method, in which the refrigerator
is characterized as a whole over its entire range of loads and ambient
temperatures. In the experimental section will be exposed the methodology
used to characterise a refrigerator over the entire range of load curve. This
method is associated to a mathematical model which is based on the balance
between the different energy components that describe the refrigerator. In
the stationary state heat extracted by the thermodynamic cycle compensates
thermal load of food and insulation losses. The load curves for different
ambient temperatures are used to tune the model which is then able to
emulate the behaviour of the refrigerator and provide useful information such
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as cell thermal conductivity, amount of net heat extracted from the cell and
electrical power consumption. The simplified thermodynamic equations are
derived from the steady state semi empirical approach proposed by Gonalves
et al.[32] and Hermes et al.[33]. An advantage of this method is that it
doesn’t require any mass flow meter to measure the heat extracted from the
refrigerator cell and lost through its thermal insulation. A common way to
estimate the heat exchanged by the evaporator rely on the measurement
of refrigerant mass flow rate. This measurement in most cases requires a
mass flow meter inserted in some way in the refrigerant circuit. It is clear
that this approach is far too expensive and intrusive to be embedded in
commercial appliances. Several solutions are proposed in the literature for
the indirect measurement of the mass flow rate[34]. All of these are based on
algorithms that relies on complex mechanical and thermodynamic models of
the components of the refrigerator[34]. These solutions present two main
drawbacks: they are expensive from a computational point of view, thus not
compatible with the low resources of a standard electronic controller board,
and most important they require a fine tuning of model parameters for each
component of the refrigerator. A second advantage of the proposed method
involves the food preservation. This could be improved as well if the real
time information on the food thermal load is included in the thermostatic
control loop. For example it could allow the prediction of a high temperature
condition or estimate the cooling time.
6.1.1 Mathematical Model
The semi-empirical model emulates the steady state behaviour of a
vapour compression cycle refrigerator, in which the reciprocating compressor
is controlled by an on/off type thermostat. The mathematical approach is
similar to those proposed by Gonalves et al.[32] and Hermes et al.[33], in
which the refrigerator is divided into sub-systems (see Figure 6.1), namely
compressor, evaporator, heat exchanger, capillary valve, condenser and
refrigerator cell. In this work the thermal load absorbed by the evaporator
is divided in three contributions:
• Heat introduced in the cell by insulation losses
• Heat produced by electric equipment located in the cold compartment
(evaporator fan, defrost heater, door heater and cell lamp)
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• Heat released by the food present in the cold compartment, including
pans, grids and moist air introduced when the door is opened.
Figure 6.1: Schematic diagram of a refrigerator
Each sub-model is described by its simplified thermodynamic behaviour;
refrigerant enthalpy and mass flow rate are the state functions that connect
these subsystems. Enthalpy quantities refers to the ones reported in the
P − h diagram shown in Figure 6.2.
Figure 6.2: Pressure-enthalpy diagram for a simplified vapour-compression
refrigerator cycle
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Compressor
Although in reciprocating machines the compression is far to be isentropic,
this assumption has been preferred to others because of its ease of use and for
the fact that it gives the ideal power consumption of the cycle. By this mean
the real power requirements of the compressor can be assessed as efficiency
improvements both in the compressor and refrigerant. Thermodynamic
formulas for the compressor can be simplified as follow:
Ws = m˙(h2 − h1) [J/s] (6.1)
where Ws is the isentropic work from h1 to h2 of a given m˙ mass flow rate
(m˙ : [g/s]). Enthalpy quantities are normalised per mass unit of refrigerant
(h : [J/g]). Compressor overall efficiency is here calculated as Ws/Wcompr,
ideal work vs. measured electrical work Wcompr. In a steady state condition
the activation of the compressor is quasi periodical. The average isentropic
work on a period is calculated using the duty cycle information
W ′s = DWs (6.2)
Duty cycle D is in this work defined as the ratio of activation time of the
compressor over a cycle of the quasi periodical On/Off function of activation
of the compressor
D =
Ton
Ton + Toff
(6.3)
On modern appliances the thermostat controller is an electronic implemen-
tation of the well known thermo-switch with temperature hysteresis. These
controllers may embed some more sophisticated control functions such as PI
and temperature prediction. Modelling the refrigerator with an energetic
approach has the advantage that in a steady state condition the system is
quasi independent from the controller used, as the overall energetic balance of
the system depends, in a steady state, only on the materials and components
used and on the assembly of the refrigerator.
Capillary tube and heat exchanger
In almost all the commercial and domestic refrigerators the refrigerant
laminating device is a capillary tube that is thermally coupled to the suction
line. Moreover this component is usually thermally insulated from the outer
space, thus making almost true the assumption that there’s no heat exchange
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with the environment. Two more assumptions are that the entire refrigerant
entering the suction line is gaseous and that refrigerant temperature at evap-
orator inlet is the actual evaporation temperature. An overall assumption
is that the only devices that contribute to vary refrigerant pressure in the
circuit are the compressor and the capillary tube. In other words no pressure
drops are accounted to suction line and heat exchangers. The energy balance
between the two refrigerant flows is then
h4 = h3 − (h1 − h5) (6.4)
In the stationary case refrigerant mass flow is uniform; three state points
(h3, h4, h5) are then easily calculated by knowing the temperatures of the
refrigerant in the corresponding points.
Heat exchangers
From a thermodynamic point of view heat exchangers are described by
the cycle’s state points. Evaporators’ extracted heat Qevap is simply
Qevap = m˙(h5 − h4) [J/s] (6.5)
Heat and work are energy quantities. Although they should be expressed
in Joule, in these formulations they will appear in the form of energy per
time unit [J/s]. Model and experiments are based on the relations between
extracted heat and thermal and electrical loads (such as compressor). The
latter are expressed in terms of power. Thermal conductance as well is
expressed in terms of power per temperature unit [W/K]. Thus it has been
found more convenient to uniform all of these quantities to power unit.
In the condenser Qcond is composed of an isentropic part Ws, heat ex-
tracted by evaporator and the overall efficiency losses of the compression
cycle Wcompr −Ws. It results
Qcond = Qevap + Wcompr (6.6)
In this case the condenser, which is defined as the only part that exchanges
heat on the hi-pressure side, comprises the actual condenser, the discharge
line and the compressors envelope heat losses. The heat exchanged by the
35
condenser is then derived from the state points h′2 and h3
Qcond = m˙(h
′
2 − h3) (6.7)
where h′2 is the enthalpy at compressor discharge.
Refrigerated cell and loads
In a steady state condition the refrigerated cell and the evaporator com-
partment can be considered as two envelopes with a finite thermal resistance
and with no heat capacity behaviour. The thermal resistance associated
to the forced air convection is very low when compared to the insulation.
Thus cells contribute to heat extracted by the evaporator can be described
as a linear function of the difference of internal and ambient temperatures.
However it should be noted that in general ambient temperature in the
proximity of the evaporator container is higher than the average due to the
height of the compartment (air temperature exhibits a vertical gradient) and
to the proximity of the compressor and condenser modules, which contribute
to the increase of temperature. The general formula should then take into
account these two components of the insulation loss. However in this work
a single thermal insulation coefficient is used to reduce the parameters to be
fitted in the model tuning phase. The overall heat due to insulation losses is:
Qcell = kcell(Tamb − Tcell) [J/s] (6.8)
As previously seen the gross thermal load of a refrigerator can be divided
into three different contributions, namely cabinet insulation heat loss, heat
energy stored in the food and heat produced by electric devices in the cell.
These devices add an amount of heat equal to their electric load3. Other
electric loads in the cell are the defrost heater and the door frame anti-fog.
The sum of these contributions is called Qelt. A detailed view of the electric
contribution shows that
Qelt = Qconst + D(Qfan + Qother)
= kelt1D + kelt0 (6.9)
3this is true directly from first and second laws of thermodynamics: all the supplied
electric energy in a closed system is eventually converted to heat
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Duty cycle is used because in this kind of refrigerator evaporator fan is
activated together with the compressor. The overall electric thermal loads
introduced in the refrigerated compartment are then composed of a constant
and a part modulated by D.
Combining previous loads, total average amount of heat extracted by
the evaporator is then:
Qe = Qcell + Qelt + Qin (6.10)
where Qin is the actual payload. Qe can also be defined as the average
extracted heat by the evaporator in a period:
Qe = DQevap (6.11)
Qevap has been expressed in equation 6.5 in terms of mass flow and enthalpy.
A measurement of m˙ is dificult to obtain and enthalpy variation (h1 −
h4) can be calculated from complex polynomial models which describe
thermodynamic properties of a defined refrigerant. For modelling purposes it
has been found more convenient to express Qevap with a lumped parameter
function. As Qevap is a thermodynamic quantity derived from compressor
activity, it can be assumed it is mainly dependent from ambient temperature
and duty cycle. As will be shown later in the results section, an approximation
with a first order polynomial is effective for the purposes of this work. It
results:
Qevap = ke00 + Dke01 + ke10Tamb (6.12)
Previous equations are here combined to explicit the net thermal load Qin
that is provided by the food in the refrigerated compartment:
Qin = DQevap −Qcell −Qelt (6.13)
Expressing Qevap, Qcell, Qelt in terms of Tamb and D it results:
Qin = ke01D
2+ke10DTamb+(ke00−kelt1)D−kcellTamb+kcellTcell−kelt0 (6.14)
Electric power consumption sub-model computes the overall power as a
linear function of D and Tamb. Electric loads as compressor, condenser fan
and electronic controller board are modelled as a linear function of ambient
temperature, while evaporator fan and other loads internal to the cell are
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treated as constant loads, as the internal temperature variation is limited
and its fluctuation does not have an appreciable effect on the overall electric
consumption.
Pelt = (Pcompr + PfanEvap + PfanCond + Pheater)D + Pboard (6.15)
Expressing Pcompr, Pfan and Pboard with a constant component referred at
0C (kc0, kf0 and kb0) and a thermal coefficient (kc, kf and kb) results:
Pelt = (kc0 + kf0 + Pheater + PfanEvap)D + (kc + kf )DTamb + kbTamb + kb0
= kpwrD + (kc + kf )DTamb + kbTamb + kb0 (6.16)
6.2 Experimental Setup
The experiments have been designed to allow the comparison between
the behaviour of the model and the real refrigerator on the entire range of
loads and environmental conditions, in order to verify that approximations
introduced in the model are acceptable. The same experiments have then
been used to calculate model’s parameters.
Figure 6.3: The professional refrigerator used to perform the tests, with the
electric load mounted in the cell
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All of the experiments have been performed under stationary conditions
of ambient temperature. Humidity in the climatic chamber was kept at
values below 20%. In order to emulate food contribution to the thermal load
a controllable constant heat source was placed in the refrigerator cell. The
methodology has been tested with a standard 500 l, single door professional
refrigerator with a R134a vapour compression cycle, a GL90TB reciprocating
compressor and fin tube evaporator and condenser. Figure 6.3 shows the
actual refrigerator with the electric dummy load mounted in the refrigerated
cell.
Figure 6.4: Schematic view of temperature and pressure probes positioned
on the refrigerator under test
Ambient temperature and humidity were imposed by the use of a climatic
room with a ±2 ◦C temperature error. Temperatures were acquired using a
set of T-type thermocouples connected to a NI thermocouple data acquisition
system (±0.1 ◦C error) and a LV-based data logger. Figure 6.4 shows
the position of probes used to measure temperatures over the refrigerator
unit. Thermocouples were placed in the following points: Compressor
discharge, Condenser (3 intermediate points and out), Evaporator in and out,
refrigerant heat exchanger out, compressor suction. Moreover temperatures
were measured at evaporator air intake and out, compressor’s envelope,
ambient at condenser air intake, at floor level and on the roof of the climatic
room and last at top, middle and floor of refrigerated cell. The pressure
transducer mounted on the suction side of the compressor had a ±0.1 Bar
resolution. Power measurements were performed with a WT500 and a
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Microvip3 electrical power meters (±0.1 W and ±0.5 W error respectively).
Thermal load supplied to the refrigerators cell through electric resistors
is equivalent to extracting heat from a constant heat source. In this way
electrical/thermal dummy loads are intended as a useful way to emulate any
kind of food and its load profile (humid air could be included as well, with
proper assumptions on the heat exchange performance of the evaporator).
The net thermal load was introduced in the refrigerator cell by turning On
and Off the electrical power supplied to a rack of 4 power resistors. Resistor
values were calculated to dissipate a nominal power of 25 W, 50 W, 100 W
and 200 W. In such way it was possible to supply 16 values of power between
0 W and 375 W, with a resolution step of 25 W. Real power consumption of
the resistor rack was measured with a second power meter to have the exact
amount of heat supplied to the refrigerator.
Each experiment comprised of a preliminary phase to allow transients
due to ambient temperature or power variations to be settled. The acqui-
sition phase was set to 2 hours with a sample rate of 1 Sa/s. Two sets
of experiments were performed. The first one comprised 270 experiments
of 2 hours each. This data was then used to fit models parameters. A
second set of 20 experiments was then performed and used as validation
data. The experiments covered,as uniform as possible, the range of thermal
loads between 0 W ans 250 W and ambient temperatures between 14 ◦C and
43 ◦C. As stated before, condensation and evaporation temperatures should
be known in order to calculate Hi and Low side refrigerant pressures. In
this measurement setup temperatures of evaporator and condenser have
been measured in multiple points, in order to get a spatial distribution of
refrigerant temperature and to identify the constant temperature areas in
which the state transition occurred.
Preliminary results cover energetic performance of the refrigerator varying
the thermal load in the refrigerated compartment. Figure 6.5 shows a detailed
view of electric power consumption of electric loads of the refrigerator
under test. While increasing the heat load introduced in the refrigerated
compartment, refrigerator energetic demand increases. The breakout of
electric loads shows that compressor losses are the main cause for refrigerator
elevated energy requirements.
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Figure 6.5: Breakout view of power requirements of a refrigerator at different
load condition (at 25 ◦C)
6.2.1 Data Reduction and Elaboration
After each test, acquired data was elaborated with a LabView based
program to calculate the enthalpy of the refrigerant in points of interest in
the thermodynamic diagram. Values were calculated for the compressor On
state only; in the off phase it was assumed there was no refrigerating effect, as
evaporators fan was stopped, thus reducing significantly the air flow through
the evaporator. This approximation was then considered valid because in the
overall energetic balances the heat extracted by the evaporator during the Off
phase of the cycle was then accounted in the initial transient of the On phase
Figure 6.6: Pressure-Enthalpy diagram for R134a with a sample vapour-
compression cycle with power and heat quantities
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Figure 6.7: Duty cycle vs. supplied thermal load at different ambient
temperatures
of the compressor. Look-up tables derived from the NIST database were
used to relate R134a refrigerant temperature and pressure to its enthalpy
and entropy. Figure 6.6 shows the Pressure-entropy chart for refrigerant
R134a with a sample vapour-compression diagram. Activation period, duty
cycle, on state, average electrical power and average values of temperatures
were calculated. Average values of duration of the activation transient in the
compression phase, thermodynamic properties such as isentropic compression
enthalpy and extracted and rejected heat were extracted as well. Concluding,
each set of data, related to a 2 hrs test, was then reduced by averaging
each calculated or measured parameter. Values were split in two groups,
associated with the state of the compressor. Thus thermodynamic properties,
temperatures and electrical powers were averaged for both the On and Off
states of the compressor.
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Figure 6.8: Detail of the activation transient of a compression cycle
6.3 Results
A preliminary check regards the general behaviour of the refrigerator for
different test conditions. Figure 6.7 reports the duty cycle as a function of
the heat supplied by the thermal load. Each group of points represents the
response for different loads at a fixed ambient temperature. It can be noted
that each group shows a linear behaviour with supplied load. An exception
occurred for experiments made at 43 ◦C room temperature. In this case
the linear behaviour is met only at thermal loads below 100 W. For greater
values the total amount of heat extracted by the refrigerator is lower than the
heat introduced in the cell by loads and insulation losses. The thermal load
value that first produce a unity duty cycle is the power level at which the
refrigerator switches from a linear to a saturated (constantly On) behaviour.
That is, any supplied load greater than the limit one doesnt produce any
variation on the duty cycle. There are indeed other variations, for example in
the average condensation and evaporation temperatures and in refrigerators’
cell. The saturated behaviour of the refrigeration cycle is of great interest in
the design and dimensioning of cooling units, nevertheless these points of the
load curve are of minor interest in this work which concerns the study of the
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linear behaviour of the refrigerator4. In all of the cases in which saturation
occurred data used for interpolation purposes was limited to the linear part
of the response, that is data with a D lower than unity. As reported in
Figure 6.9: Evaporator extracted heat as a function of Duty cycle and
ambient temperature
Mathematical model section, an empirical approximation was proposed for
Qevap in equation 6.12. The actual thermodynamic cycle of the refrigerator
depends on various parameters. Among the others, Tamb and Tcell have a
strong influence on refrigerant pressure on both low and high side of the
cycle. As in this work Tcell was kept constant and only Tamb was varied,
only this parameter was included in the Qevap formula.
The need of introducing D parameter on Qevap formula can be explained
with the help of Figure 6.8. As the compressor is activated, a transient
occurs in the measured pressure at suction line. The negative elongation
of calculated evaporator enthalpy Qevap reported in Figure indicates that
less heat is extracted by the cycle in the first instants after compressor
activation. In capillary based heat pumps, during the compressor Off phase,
the refrigerant flows back from high to low pressure side to equilibrate the
system. As the compressor starts, significant work is required to bring again
4refrigerators are not intended to work at full duty regime in the normal use. Tn
this region of load cell temperature is not a driving variable, but is dependent on the
heat supplied in the cell. While mechanical components are designed to withstand limit
conditions, these will definitely constitute a hazard point for the food
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Figure 6.10: Net heat supplied to the refrigerator as a function of Duty cycle
and ambient temperature
the refrigeration system in an unbalanced stationary state. In this model
Qevap is intended as the average heat exchanged by the evaporator during
compressor’s On phase. The activation transient is almost constant over the
entire range of load points. Therefore Qevap is also related to compressor
activation time and in other terms to the duty cycle. D was then introduced
in the empirical equation 6.12.
Figure 6.9 shows evaporator extracted heat Qevap data plotted as function
of Ambient temperature and duty cycle. The interpolation plane follow the
form of the 3-dimensional linear function as defined in equation 6.12.
In the same way net thermal load Qin is reported in Figure 6.10 as a
function of D and Tamb. A second order polynomial interpolation plane
reflects equation 6.14. The intersection of the interpolation surface with
the D = 1 plane identifies a boundary condition for the linear behaviour
of the refrigerator. This intersection curve represents the maximum input
power the refrigerator is capable to handle without saturation for a defined
ambient temperature. Goodness of the model for electric consumption was
evaluated as well by fitting the experimental data.
Figure 6.11 shows again the electrical power consumption as a function
of D and Tamb. In this case as well the interpolation plane has the form of
equation 6.16.
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Figure 6.11: Overall electrical power consumption of the refrigerator as a
function of Duty cycle and ambient temperature
Parameter ke01 ke10 (ke00 − kelt1) kcell kcellTcell − kelt0
[J/s] [J/s◦C] [J/s] [J/s◦C] [J/s]
Value 95.43 -4.674 341.8 2.402 -9.114
Parameter kpwr kc + kf kb kb0
[W] [W/◦C] [W/◦C] [W]
Value 261.3 2.023 -0.1836 7.364
Table 6.1: Parameter fitting values
Table 6.1 report estimated coefficients for equations 6.14 and 6.16, ob-
tained by fitting the model with experimental data derived from the first
set of 270 experiments. A coefficient with a direct physical relevance is
kcell. This represents the overall thermal conductance of the refrigerated
compartment. This term is accountable for the thermal insulation losses of
the refrigerated compartment, and indicates how much heat, thus energy, is
loss due to insulation. In this case kcell=2.4 W/
◦C, that is in good agreement
with the value of 2.5 W/◦C stated by the constructor of the refrigerator. The
standard procedure used by the constructor to measure thermal conductivity
is based on the reverse conductivity method. The temperature difference
between refrigerator’s cell and the environment is measured, while the entire
refrigerator is contained in a climatic room at low temperature (approx. 5 ◦C)
and in the cell is placed an electric heater of known power. Conductivity is
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then derived from equation 6.8 as
kcell =
Pheater
Tcell − Tamb (6.17)
This method requires all temperature transients to be settled, which requires
approximately 12 hrs.
6.3.1 Validation
The presented thermal load and power consumption models were vali-
dated by comparing the predicted values with the results of a second set of
experiments, performed over the entire range of thermal loads and ambient
temperatures.
Figure 6.12: Predicted vs. measured net heat load supplied to the refrigerator
Figure 6.12 and 6.13 show the variance between predicted and measured
values for thermal load Qin and for power consumption Pelt respectively.
In both cases validation showed good agreement between predicted and
measured data, with an RMSE of 7 J/s and 2 Wh respectively.
Table 6.2 report energy consumption and estimated heat load during a
standard door opening test. In this case the refrigerator is kept at constant
ambient temperature of 32 ◦C and 34% relative humidity in a climatic room.
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Figure 6.13: Predicted vs. measured electrical power consumption
Extracted heat per door opening
Test calculated estimated
[Wh] [kJ] [Wh] [kJ]
Empty cell 11.5 41.4 12.5 45
Full load 7 25.2 5.5 19.8
Table 6.2: Door opening tests
Refrigerated compartment’s door is opened at least at 60◦ with a pneumatic
actuator controlled by a timer and air valves. Openings last 6 s every
10 minutes. Tests were 2 hrs each and were performed after a settling time
period. The test was performed twice, first with an empty refrigerated
compartment and secondly loaded with 200 kg of standard test packs5[35].
Net heat load was then estimated using the model. It resulted in a
good estimation of the heat due to cooling of dry air from 21 ◦C to 2 ◦C.
For comparison purposes it was assumed that in 6 s almost all of the air
present in the cell was replaced with warm one. The fast door opening itself
produced enough airflow to ensure this assumption. The heat extracted from
the volume of air was calculated according to air mass, specific heat and
5test packs are used as standard load in pull down and temperature maintenance tests.
They are brick shaped, with a 1 kg/dm3 density and specific and latent heat close to meat.
They usually are a gel composed of 23% salt free tylose and 77% water. Used packs were
of MH1000 model
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latent heat of condensation of water. As the cell is not hermetic, while room
temperature air was cooled, its volume decreased and door seal left new air
to leak in the refrigerated compartment. Cooling air at 2 ◦C ensured almost
all of the humidity to be removed. Thus air mass used for heat calculations
was derived from a 0.5 m3 and 0.3 m3 volume at 2 ◦C, for the empty and full
load cell respectively.
Another test was performed to estimate the heat equivalent of a small
leak in door seal. This was simulated by interposing between rubber seal and
cabinet frame two pencils, as shown in Figure 6.14. In this case the amount
Figure 6.14: A small air leak simulated in the refrigerator
of heat introduced in the cell is equivalent to a 7 W heat source in the cell
with the door perfectly closed. This simple test shows how even a small
imperfection in the door seal has a strong energetic impact on the appliance.
Although this leak is negligible over a short period of time, when integrating
this energy loss over several hours its impact is indeed of concern.
The tuned model rely on only two parameters, ambient temperature
Tamb and duty cycle D. The idea underneath this approach is to embed this
model on the electronic controller of the refrigerator. Even if the controlled
board is equipped with a low budget microcontroller, information about D
and Tamb are easily accessible. As the model has a very low computational
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requirements (9 coefficients, 10 multiplications and 8 sums per compressor
activation cycle), it could be embedded in actual commercial appliances with
little effort. The advantages are that this model could directly provide the
user with useful information on power consumption, efficiency and estimation
of instant and average heat load extracted from foodstuff loaded in the cell.
By detecting events such as cell’s door opening and with further processing
on Qin, it should be feasible to estimate heat energy associated to a certain
food. With the availability of a real time estimation of Qin the refrigerator
could be forced to work at a higher load point to speed up the cooling process
of high heat loads, thus enhancing the safety of freshly stored foodstuff. By
monitoring Qin trends over time, transients could be detected and therefore
the estimated cooling time of the load. Moreover deviations from the average
trends could indicate a heat-leak as door is not well closed or the presence of
an obstacle on the correct adhesion of the seal on door frame. Malfunctions
in the refrigeration section, such as low refrigerant charge or dirty heat
exchangers could be detected as well. The electric energy cost of cooling
foodstuff or of a door opening event could be provided as well. This could
represent an aid and incentive for the user to improve its energy-friendly
behaviour. The actual cost of keeping the door opened for too long could
in example provided. Energetic performance of the refrigerator could also
represent an incentive to the perceived quality of a superior energetic-class
appliance.
This work has been developed on a single refrigerator. As a consequence
it has not been possible to assess the dispersion of the parameters of the
model. There is indeed the necessity to perform such an analysis to validate
goodness of the model on multiple devices of the same model. This will
allow the assessment of estimation and prediction capabilities of a model
with the same parameters over a full product line.
50
Chapter 7
Food Quality Management
Quality intended as safety can be assessed only with secure procedures,
to exclude or reduce to minimum the possibility of mistakes. Refrigerators
contains different foodstuff at the same time. For this reason non contact
inspections of food, such as odour and visual analysis, is not a completely
reliable solution to state whether a food is well preserved or not. Nevertheless
both of these inspection methods are very effective if the type of information
required is just an indication of hazardous situations which may occur. The
idea is to identify a simple solution based on odour monitoring to detect the
overall quality within a refrigerated cell. This information could be used to
advice the user or to enable an active air cleaner device.
7.1 Gas Sensor Platform
Gas sensing techniques can be found in a wide range of applications,
from alcohol breath tester to engine exhaust emission sensor. Gases are
often monitored because they represent a good precursor or indicator of
events of interest, such as fire, degradation of food, or non-breathable air.
The main advantage of using these sensors is the non-contact measurement.
Gas sensing techniques for biometrics in particular are not well developed
yet, with only few exceptions, as alcohol and oxygen breath sensors. This is
because biometric applications often require disposable sensors to comply
with hygiene and safety normative. Although the wide range of gas sensing
materials, the most used of them presents some drawbacks in terms of
integration in low power, low cost and ease of use sensors[36, 37]. Among
others, polymer based gas sensors represents one of the most promising
solutions to address these drawbacks[38, 39, 40].
51
Some polymers such polypyrrole are well known in the literature to be
very sensitive to a wide range of gaseous species[41, 38]. They are also of
high interest for their functionalization capabilities. When doped with the
proper component the selectivity of these polymers can be highly increased,
leading to very versatile and general purpose sensor platforms[42, 43]. A
single sensor board can be tuned to detect different gases just by controlling
the doping species. The secondary transducer in polymer based sensors rely
on different types of interaction: electrical, thermal, optical, mechanical.
Common transducing methods measures electric impedance, refractive index,
viscosity, elasticity, mass or thermal capacity[40, 44].
Main objective was the individuation and implementation of a sensor
platform in compliance with the requirements of low power consumption, low
cost and high sensitivity. As the focus was on the secondary transducer, the
platform should allow the use with different primary polymeric transducers,
thus providing a more versatile method.
7.1.1 Multi-Interaction Approach
Sensors are constituted of a primary sensing element (or primary trans-
ducer) which exchange energy or matter with the measured medium and
produces an output that is in some way dependent to the measured quantity.
The output of the primary sensing element is some physical variable, such
as displacement or a voltage. It may be necessary to convert this variable to
another more suitable variable while preserving the information content of
the original signal. This function is achieved by a variable-conversion ele-
ment, which is the secondary transducer. Some instruments require several
intermediate variable-conversion elements while others don’t need any. The
obtained signal is eventually manipulated and presented to the observer. For
measuring purposes a signal is intended as the physical quantity or changing
medium which is modulated by the measured quantity. In several measuring
processes only one signal is observed, while the other signals derived by
the measured quantity are discarded. This is done because in general one
signal is sufficient to represent the measured quantity exhaustively[45, 46].
In the case of gas sensors and in particular in the case of polymer-based
sensors, several signals are produced by the interaction between the volatile
compound of interest and the primary sensing element. Different sensors
observe different signals. Microbalances are variable-conversion elements for
mass-signals, while Chemfets convert the local charge of the polymer in an
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electric signal. As gas sensitive polymers may produce several signals, the
idea is to use multiple variable-conversion elements in order to increase the
robustness of representation of the measured quantity.
It was decided to combine three sensing methods. These are differen-
tial analysis, dielectric spectroscopy and thermal capacity measurement.
With this combination of interactions a multi-dimensional response map
of the polymer under test can be achieved. Moreover, by analysing the
differential response of the functionalised polymer with a reference, inter-
fering interactions such as temperature dependence or humidity could be
reduced[45, 46].
A convenient mean to obtain an interdigit structure for impedance
measurements, a temperature probe and an electric heater is by using thin
film technology. This allow both a preliminary study on the feasibility of the
structures and their subsequent resizing and optimisation. These structures
have been implemented onto separated polyimide Kapton film substrates
and then stacked together to form a multilayer device. The substrate itself
can stand temperatures above 400◦C, thus covering the working range of
conventional sensing polymers. Figure 7.1 shows the masks used to realise
Figure 7.1: Masks used to pattern the structures. From the left interdigit,
heater and thermocouples
such structures. Conventional metal thermal vapour deposition has been
used. To pattern the structures onto the polyimide substrate both direct
masking and photoresist lift-off methods have been used. The interdigit
structure and heater were realised in NiCr. The control of the thickness of the
metal film has allowed the fine tuning of heater resistance, which was set to
400 Ω. To implement the temperature probes, two metallic Copper-Bismuth
thermocouples with a 28µV/K Seebeck coefficient have been realised. Figure
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Figure 7.2: The realised structures onto a polyimide substrate. From the
left interdigit, heater and thermocouples
7.2 show the implemented structures onto a polyimide substrate.
The structures have all three electrodes for electrical connections. The
centre point electrodes is used for the fine tuning of the thermal power
supplied to the two heaters, for the sensing the differential impedance on
the two areas of the interdigitated structure and for local temperature
measurement. The device has been designed with sliding connectors, to
allow easy and quick removal of the sensing head from the electronic board.
Figure 7.3 and 7.4 shows the schematic representation and the implemented
Figure 7.3: Schematic view of the implemented sensor system
multilayer platform connected to the electronic signal conditioning and
acquisition board. The three elements of the sensor are stacked to form a
multilayer device which is able to sense electric impedance and temperature
of the substrate at the same time. As the sensing area is fully differential,
several types of analysis are available. Differential electrical impedance
of the two sensing elements can be monitored at different temperatures.
The analysis can also regard dynamic temperature changes. Transient and
calorimetric analysis are allowed by controlling the power supplied to the
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two heaters.
Figure 7.4: The sensing multilayer device connected with a hot swap con-
nector to the control electronic board
To perform initial measurements, calibration and sensitivity analysis,
the multilayer transducer have been characterised using a HP4192A LF
impedance analyser. A first set of measurements regard the impedance
of the bare multilayer transducer. This has been characterised in air and
in a saturated acetone atmosphere (1000ppm) to exclude any change of
electrical properties of the polyimide substrate. The sensor has then been
characterised with a commonly used sensing material, methyl-cellulose. This
polymer have been applied on the surface of the interdigitated layer as an
aqueous gel. The polymer has been dried at room temperature and resulted
as a homogeneous 100 µm thin film. A low pressure plasma treatment has
been applied to the interdigit surface before the polymer application to
activate the polyimide surface and enhance methyl-cellulose adhesion. The
experiments have been made in a glass chamber with a controlled air feeder.
Ventilation was performed after the measurements with acetone. Built
in sensor heaters were used in these experiments only to regenerate the
sensitive layer and to verify the repeatability of the measurement. In this
case the polymer was heated at 100 ◦C for one minute while the chamber
was ventilated.
Figure 7.5 shows capacitance of one half of the interdigit structure as
measured for frequencies in the range of 10Hz 10MHz. The three curves
represent the structure response in air and in an acetone atmosphere. The
response of the interdigit with a methyl-cellulose layer in air is also reported.
These three impedances are very close to each other, moreover there is only
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Figure 7.5: Capacitance of the bare interdigitated structure (one half) at
different acetone concentrations
little variability between different samples of realized inerdigit samples.
Figure 7.6 shows the response of the interdigit structure covered with a
methyl-cellulose film to an acetone atmosphere. In this case the capacitance
variation from the background value indicates acetone polymer absorption.
At higher frequencies this value decreases to background values.
An electronic board for the signal conditioning and acquisition have
been designed to work with the sensor and to interface with a computer
for the data logging. Figure 7.3 report a simplified functional diagram
of the developed system. The thermocouples front end is implemented
with a switched-capacitor coupled acquisition system based on a MSP430
microcontroller with a 24bit DAC. A second board to be stacked onto
the temperature controller, will implement a variable frequency sine wave
generator and a half bridge circuitry to measure differential impedance.
Figure 7.7 shows a schematic diagram of the circuit implemented for the
detection of the differential impedance of the interdigitated structure. A
voltage signal is supplied to the high side of the bridge, while the operational
amplifier on the left act as an auto-zero driver for the low side of the bridge.
When the two interdigitated structures have the same impedance the bridge
is at equilibrium, thus the output signal is zero. One of the two interdigit
structures is used as reference while the other (on the left) is used as active
element. When the latter varies its impedance, the auto-zero amplifier
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Figure 7.6: Capacitance of a methyl-cellulose film in acetone atmosphere
compensates this variation. A signal is then detected between the differential
nodes of the bridge. An instrumentation amplifier is used to detect this
signal. Dotted lines indicate the guarding shields. According to this circuit
topology, the output signal is proportional to the variation of impedance
∆Z, as reported in equation 7.1.
¯Vout
V¯in
=
∆Z
R
+
2Z
R
(7.1)
The obtained signal has then to be processed by two modules for the detection
of module and phase, to allow the extraction of ∆Z.
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Figure 7.7: Schematic circuit of the auto-zero bridge topology with a 3OP
signal amplifier
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Chapter 8
Conclusions
This PhD research activity covered different and multi-disciplinary as-
pects of the quality of food preservation.
A novel gas sensor platform for biometric and environmental application
has been proposed. The implementation on a flexible and light substrate
allow its use as disposable sensor for portable equipment. The ability to
detect different types of interactions with the gas sensing polymer allow a
more sensitive gas detection, with higher immunity to other gaseous species
and to other stimulus such as humidity and temperature. Polymer ageing
and degradation effect on the sensitivity should also be reduced with the
use of a differential topology.
Quality is not to be intended only as an indicator of safety and perceived
aspects of food. It copes as well with the energetic efficiency that is required
to achieve the preservation. The main part of this work was focused on the
research and implementation of soft techniques to increase the energetic
efficiency of actual refrigeration appliances. A simple to implement method
has been proposed. This rely on a semi-empirical model of a commercial
refrigerator and it requires only two measures (Ambient temperature and
duty cycle) to perform a real time estimation of important parameters
of the refrigeration process. Among others: real time electrical power
consumption and estimation of the heat load extracted from the food in the
refrigerated compartment. The proposed approach for the characterisation
of cold appliances could be of use in enhancing the in-production quality
assessment, as precursors of malfunctions could be detected. Energetic and
food safety certification tests require the refrigerator to stand a certain
number of door opening events and cool down of heavy loads at different
ambient temperatures. These tests last in between 24 and 48 hrs. The
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proposed approach could be of use in the reduction of at least preliminary
tests, by predicting tests results, thus allowing time, resources and cost
savings.
This approach based on the overall energetic balance among components
of the refrigerator could be applied to other appliances as well. Chillers,
ovens, dishwashers and other appliances can be analysed in the same way to
assess their energetic performance. Similar models could then be identified
and embedded in the controller board to provide the user with the same
informations on energy-use. The entire house could be analysed the same
way.
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